Purified diets containing equivalent amounts of glucose, maltose, fructose, sucrose, corn starch and dextrin were fed to fmgerling channel catfish (Icatalurus punctatus) to compare the growth responses to these various carbohydrates. The best growth response was achieved with dextrin and the next best with corn starch. Fish grew at the same rate when glucose, maltose or sucrose was the only dietary carbohydrate source. Dietary fructose resulted in the lowest growth rate. Feed efficiency and percent retained energy values followed the same pattern as growth rates. These data suggest that the catfish is apparently unable to utilize dietary mono-and disaccharides as energy sources. Oral carbohydrate tolerance tests using glucose, maltose, fructose, sucrose and dextrin were conducted with larger channel catfish. Oral glucose and maltose resulted in a. persistent hyperglycemia indicative of a diabetic-like status. Fructose appeared to be poorly absorbed from the intestinal tract and did not appear to be converted to glucose. Oral administration of sucrose was followed by a gradual increase in plasma glucose, with no detectable fructose being absorbed until the 6-h period. Oral dextrin resulted in less than a twofold increase in plasma glucose, which remained constant from 2 to 4 h after administration and then declined. These observations are consistent with the hypothesis that certain fishes, including the channel catfish, resemble diabetic animals by having insufficient insulin for maximum carbohydrate utilization. J. Nutr. 117: 280-285, 1987.
The nutritional value of various forms of dietary car bohydrate is one of the least understood aspects of fish nutrition. The relative utilization of dietary carbohy drates by fishes appears to be associated with the com plexity of the carbohydrate. It has been reported that channel catfish utilize higher molecular weight car bohydrates, such as starch or dextrin, more readily than disaccharides or simple sugars (1) . However, when chinook salmon were fed diets containing glucose, mal tose, dextrin or potato starch, growth rates were ob served to decrease with increasing molecular weight (2) . In the same study, sucrose produced growth rates comparable to glucose, whereas fish fed a fructose diet had a reduced growth rate. Studies have indicated that common carp (3) (4) (5) (6) , channel catfish (7, 8) , and red sea bream (6, 9} utilize higher levels of dietary complex carbohydrates than yellowtail (9) and salmonids (2, (10) (11) (12) (13) (14) .
Oral glucose tolerance tests have been conducted in brook trout (10) , rainbow trout (15,) carp (16) , red sea bream (16, 17) and yellowtail (17) . In each case, the oral administration of glucose resulted in a persistent hy perglycemia. A similar persistent hyperglycemia was observed when rainbow trout were fed diets containing 15 and 30% glucose (18) . The present study was designed to compare the uti lization of glucose, fructose, sucrose, maltose, com starch and dextrin as energy sources for the channel catfish. Growth rates, protein and energy deposition, and oral carbohydrate tolerance tests were used as indicators of utilization. 51.1% cellulose with no added digestible carbohydrate. This amount of carbohydrate produced a diet with a protein-to-energy ratio that had previously been found to be optimum for the channel catfish (7). Procedures for diet preparation and storage were as previously de scribed (7) . Before the experiment, fingerling channel catfish (Thompson-Anderson Enterprises, Thornton, MS) were adjusted to a purified diet and standardized experimen tal conditions during a 2-wk conditioning period. The experiment was conducted in 110-L flow-through aquaria with a flow rate of approximately 900 mL/min. Water temperature was maintained at 26.7 Â± 1.1Â°C, and a diurnal 14-h-light, 10-h-dark cycle was used. At the start of the experiment, groups of 20 catfish weighing 132 Â±2 g per group were stocked into individual aquaria. Each diet was fed to triplicate random groups of fish for 9 wk. Diets were fed at a rate equaling 3% of wet body weight per day in two equal feedings. Each group was weighed weekly, and the amount of diet fed was adjusted accordingly.
MATERIALS AND METHODS

Growth study. Experimental diets (
At the end of the experiment, the fish were not fed for 24 h and were then frozen for subsequent bodycomposition analysis. Unfortunately, the fish fed the diet containing the nondigestible carbohydrate source were not retained for analysis. Five fish were randomly selected from each group of 20 and passed through a meat grinder into one composite homogenate per group. Moisture was determined on a portion of the wholebody homogenate by drying for 3 h at 125Â°C (20) . The rest of the homogenate was lyophilized and finely ground through a 20-mesh screen (Wiley laboratory mill, in termediate model, Arthur H. Thomas Co., Philadel phia, PA) prior to proximate analysis. Crude protein was determined by the micro-Kjeldahl method using N x 6.25 (20) . Samples were extracted with petroleum ether for crude fat determinations (20) . Diet and wholebody energy contents were calculated using the follow ing values as kilocalories per gram: 5.65 for protein, 9.40 for fat (21), 4.23 for dextrin, 4.11 for corn starch, 3.96 for sucrose, and 3.75 for glucose, fructose and mal tose (2) . A random sample of fish was collected at the start of the experimental period and processed as above to determine initial body composition.
Carbohydrate tolerance tests. The channel catfish used in these tests were reared in our laboratory and fed a mixture of commercial catfish (Producers Feed Co., Belzoni, MS) and trout (Murray Elevators, Murray, UT) feeds. Two weeks prior to each test the fish were removed from a 1325-L circular tank, weighed, and 8 to 10 fish of similar weight placed in 110-L glass aquaria. Fish weights ranged from 112 to 270 g. Water and light ing conditions were the same as described for the growth studies. The fish were fed a commercial trout feed (Murray Elevators, Murray, UT) during this condition ing period. The day before the tests were conducted, the fish were weighed and sorted into groups of three fish weighing within 5 g of each other. Any fish that lost weight during the two week conditioning period was not included in the test. The fish were anesthetized with ethyl-m-aminobenzoate, methanesulphonic acid salt (MS 222) prior to weighing.
The carbohydrate tolerance tests were conducted ac cording to the procedure used by Furuichi and Yone (16) . After a 24-h fast, the fish were anesthetized with MS 222 and orally administered a gelatin capsule con taining the test carbohydrate at a dosage level of 167 mg per 100 g body weight, which corresponds to 100 g glucose per 60 kg body weight in humans. One group of three fish was sampled before and at 1, 2, 3, 4 and 6 h periods after the administration of the test carbo hydrate. Blood was collected into tubes containing a sodium fluoride-heparin mixture from each fish after being anesthetized in each group with MS 222 by sev ering the caudal peduncle. Plasma was separated and assayed immediately for glucose by the glucose oxidase procedure (Sigma Chemical Co., St. Louis, MO) or for total sugars by the Somogyi method (22) . Plasma fruc tose was determined by difference between the results of the Somogyi and glucose oxidase assays. The pro cedure was repeated three times for each test carbo hydrate.
Statistical analysis. Data were subjected to analysis of variance and Duncan's new multiple-range test (23) to determine differences in means (P < 0.05). Table 2 indicate that dextrin serves as an excellent energy source for catfish. The lower growth response observed for the corn starch diet is probably due to a lower digestibility of the corn starch. Channel catfish fed diets containing glucose or sucrose and maltose as carbohydrate sources grew at the same rate as fish fed a diet containing eel- lulose as the only carbohydrate source. Dietary fructose resulted in an additional reduction in growth rate, lower than that observed with the cellulose diet. Feed-effi ciency data followed the same pattern as the growth rate data ( Table 2) . The protein and energy deposition data are also pre sented in Table 2 . The percent protein deposited was highest for fish fed diets containing dextrin or corn starch. Less protein was deposited in the fish fed diets containing the mono-and disaccharides; this indicates that more protein was catabolized and used for energy instead of for protein synthesis in these fishes. The percent energy retained paralleled the differences ob served in growth rates. The poor growth response of fish fed diets containing the mono-and disaccharides is apparently due to the inability of the fish to utilize large amounts of these readily available carbohydrates as energy sources.
RESULTS
Growth study. The growth data in
The poor growth rates observed with the test diets containing the mono-and disaccharides caused concern about the possibility of the highly soluble sugars in the pelleted diets being dissolved into the aquaria water before being consumed by the fish. One-gram samples of the pelleted glucose test diet were placed in beakers containing 25 mL of distilled water for various time intervals. The percent loss of glucose from the pellets measured at 2, 4, 6, 8, 10, 15, 20 and 30 min was 14.6, 17.3, 21.5, 24.0, 25.9, 33.3, 36.9 and 41.8, respectively. Based upon our experience of feeding these types of diets to channel catfish, we suggest that most if not all of the diets were consumed in less than 2 min, thus indicating that at least 80% or more of the dietary glu cose should have been consumed by the fish. Usually, after the initial 2-wk conditioning period is completed, most of the diet is consumed before it reaches the bot tom of the aquaria. This observation clearly indicates that the poor growth associated with the mono-and disaccharides was not due to leaching into the aquaria water prior to consumption.
Carbohydrate-tolerance tests. The effects of oral administration of equivalent amounts of glucose, fruc tose, maltose, sucrose and dextrin on plasma glucose levels are presented in Table 3 . Plasma glucose con centration of channel catfish after a 24-h fast is about 71 mg/dL. The oral administration of 167 mg per 100 g body weight of glucose resulted in an increase in plasma glucose to a maximum' level at 3 h of 176 mg/dL, followed by a decrease to 95 mg/dL 6 h after administration. The oral administration of maltose re sulted in a similar plasma glucose profile as that ob served with glucose. The initial increase in plasma glu cose was more gradual, apparently indicating a delay in absorption due to maltose being hydrolyzed to glu cose. The maximum plasma glucose level of 161 mg/dL observed at the 3-h period following maltose administration was not significantly different from the maximum level observed at the same period following glucose administration.
Plasma glucose remained ele vated 6 h after maltose administration, which may in dicate residual maltose in the gut tract at this period. The oral administration of dextrin resulted in an in crease in plasma glucose to about 120 mg/dL at the 2-h period, which remained constant until after 4 h, at which time the plasma glucose level declined to 90 mg/ dL at the 6-h periods.
The oral administration of fructose to the catfish re sulted in a slight elevation in plasma glucose (Table 3) and a somewhat delayed increase in plasma fructose (Table 4 ). The plasma fructose reached a maximum of 94 mg/dL at the 3-h period and remained elevated at the 6-h period. The absorbed fructose did not appear to be converted to glucose because no increase in plasma glucose was observed after the increase in plasma fruc tose. The oral administration of sucrose resulted in a gradual increase in plasma glucose up to a level of 122 mg/dL after 4 h and remained the same at the 6-h period (Table 3) . No plasma fructose was detected until 6 h after the oral administration of sucrose (Table 4) .
DISCUSSION
The results of the growth study clearly indicate that, under the experimental conditions used in this study, fingerling channel catfish do not utilize dietary monoand disaccharides as energy sources. These data were not expected, even though the same conclusion had been previously reported based on a preliminary study with channel catfish (1). We had previously reported that channel catfish could utilize relatively high levels of digestible carbohydrate (8) . We have also observed a marked stimulation of hepatic lipogenic enzyme activ ities by dietary carbohydrate in catfish and suggested that this observation might explain why catfish can utilize higher levels of carbohydrate than certain other fishes (24) . However, all our previous studies have been based on utilizing dextrin as the source of digestible carbohydrate. Only a few studies have reported on the utilization of dietary mono-and/or disaccharides by other fishes. When various carbohydrate sources were fed to young chinook salmon at a level of 10% of the diet, glucose, maltose and sucrose resulted in the best growth rates, followed in descending order by dextrin and fructose, galactose and potato starch, and glucosamine (2). Bergot (13, 25) has reported that rainbow trout effectively uti lized 30% glucose in a 45% protein diet, whereas a level of 30% glucose in a 30% protein diet had a neg ative effect on growth and feed efficiency. A similar trend had previously been reported on sucrose utili zation by rainbow trout when 35 and 55% protein diets were compared (26) . About 57 and 64% of the gross energy of glucose and sucrose, respectively, were cal culated to be utilized by rainbow trout when these car bohydrates were included at a level of 30% in a 48% protein diet (27) . In another study with rainbow trout, the incorporation of a-glucose (cerelose) at levels from 2.5 to 18.3% in isoenergic practical diets containing 40% crude protein resulted in a significant linear de crease in weight gain as the level of glucose increased (14) . The relative utilization of glucose, dextrin and astarch has been compared in carp and red sea bream. The growth and feed efficiency of carp were highest when fed the a-starch diet, followed by the dextrin and glucose diets in decreasing order, whereas red sea bream did not show any significant difference in growth rates for the various carbohydrate sources (28) .
The results of the carbohydrate-tolerance tests pro vide additional evidence to the argument that the chan nel catfish are unable to utilize dietary mono-and di saccharides effectively. The persistent hyperglycemia observed after oral glucose and maltose administration is similar to that observed under similar experimental conditions in other fishes (10, (15) (16) (17) . Fumichi and Yone (16) determined the change in plasma insulin lev els during glucose tolerance tests in carp, red sea bream and yellowtail. The plasma insulin level reached a max imum about 2 h after oral glucose administration in each species, paralleling the level of plasma glucose.
These workers point out that the plasma insulin pat tern, with respect to both the time to reach the max imum level and the maximum activity, were very sim ilar to those observed for a diabetic human. Additional work by these investigators indicates that the low uti lization of carbohydrates by fish is due to an absolute insufficiency of insulin (29) . Insulin has been isolated and characterized from the channel catfish (30); how ever, no studies have reported on its physiological ac tivity other than the effect of glucose on insulin bio synthesis in isolated channel catfish islets (31) . If channel catfish exhibit the same insulin-secretion pattern as that observed in other fishes, then a large portion of the absorbed glucose is probably excreted by the catfish before adequate insulin is available to facilitate the tis sue utilization of the glucose, as suggested by Fumichi and Yone (28) for other fishes.
The results of the fructose-tolerance test indicate that fructose is poorly absorbed from the intestinal tract of the catfish and does not appear to be converted to glucose after absorption. This observation along with the inferior growth response and nutrient utilization data observed in fish fed the diet containing fructose may indicate that fructose also reduced the absorption of certain amino acids or induced a higher energy de mand on the fish. This would account for the lower protein and energy deposition. The poor absorption of fructose was also observed after the oral administration of sucrose. The gradual increase and plateau of plasma glucose 4-6 h after sucrose administration may indi cate very low intestinal sucrase activity or reduced glu cose absorption due to the presence of fructose. Fruc tose was not detected in the plasma until 6 h after sucrose administration.
The plasma glucose pattern following the oral admin istration of dextrin to the catfish was similar to that observed in other fishes (28) . This pattern may be ex plained by the relatively slow rate of digestion of the dextrin and subsequent absorption of glucose to coin cide with maximum insulin secretion, thus facilitating maximum tissue utilization of the circulating glucose (28) . This hypothesis is supported in part by the excel lent growth response and nutrient utilization data ob served in the current study with channel catfish fed the dextrin-containing diet. It is apparent from this investigation that the channel catfish, as well as certain other fishes, differs from most other animals in its lack of ability to utilize dietary sources of mono-and disaccharides as energy sources. The glucose tolerance tests indicate that certain of these fishes and the channel catfish appear to have insuffi cient insulin, which indicates a diabetic-like status. The possible adverse affects that this apparent diabeticlike status may have on the nutrition-health relation ship of farm-raised channel catfish are not evident. Cur rently, carbohydrate in the form of plant starch serves as the major source of digestible energy in commercial catfish feeds.
